WNTS are lipid-modified glycoproteins that play a role in a number of biological processes including embryonic development, cellular differentiation, and tissue homeostasis, along with neuronal and synapse development (reviewed in [@bib10]; [@bib51]). Since Wnts play a key role in various physiological and developmental processes in most organisms, deregulation of the Wnt signaling pathway could lead to developmental defects, neurodegenerative diseases, and cancer ([@bib13]; [@bib32]; [@bib30]; [@bib55]; [@bib12]). Although Wnt/s have been implicated in various developmental processes, it has only been shown recently that the Wnt signaling pathway is also required for normal circuit formation, synapse development, maintenance, and functioning, and is involved in aspects of learning and memory (reviewed in [@bib62]; [@bib42]; [@bib8]; [@bib45]; [@bib27]; [@bib34]; [@bib57]; [@bib16]; [@bib55]).

Given the importance of Wnt functioning in an organism, it is critical to fully understand the regulatory mechanisms involved in Wnt signaling. In this study, we show that an Immunoglobulin Superfamily molecule, [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene), functions to modulate the Wnt signaling pathway at the *Caenorhabditis elegans* neuromuscular junction (NMJ).

[RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) contains three Ig domains and a C-terminal GPI an-chor, and its expression is restricted to the nervous system. Previous work has shown that in *C. elegans*, [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) is not required for normal nervous system development, but affects synaptic function in the presence of increased activity ([@bib64]; [@bib2]). It has been previously shown that mutants in *[rig-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene)* are hypersensitive to the acetylcholine esterase inhibitor, aldicarb. This hypersensitivity is brought about by the increased levels of functional acetylcholine receptor, [ACR-16](http://www.wormbase.org/db/get?name=WBGene00000055;class=Gene), at the postsynaptic site in mutants treated with aldicarb. In the absence of aldicarb, *[rig-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene)* mutants do not show an increase in synaptic AChR/[ACR-16](http://www.wormbase.org/db/get?name=WBGene00000055;class=Gene), indicating that the mutants show increased potentiation only when exposed to increased activity that is brought about by aldicarb treatment ([@bib2]).

[CAM-1](http://www.wormbase.org/db/get?name=CAM-1;class=Gene) is a Ror receptor tyrosine kinase (RTK) that is expressed in the ventral nerve cord and muscles, and is particularly localized to the neuromuscular synapses ([@bib21]). A number of previous studies have implicated [CAM-1](http://www.wormbase.org/db/get?name=CAM-1;class=Gene) as a nonconventional Wnt receptor that is required for normal WNT-dependent nervous system functions ([@bib38]; [@bib20]; [@bib22], [@bib23]; [@bib75]; [@bib26]; [@bib36]; [@bib68]; [@bib50]; [@bib11]). A more recent study by [@bib35] has shown that [CAM-1](http://www.wormbase.org/db/get?name=CAM-1;class=Gene) functions through the WNT signaling pathway, and, more specifically, through the Wnt, [CWN-2](http://www.wormbase.org/db/get?name=WBGene00000858;class=Gene), and its Frizzled receptor ([LIN-17](http://www.wormbase.org/db/get?name=WBGene00003006;class=Gene)) to regulate postsynaptic receptor levels at the *C. elegans* NMJ. Previous work has also shown that [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) and [CAM-1](http://www.wormbase.org/db/get?name=CAM-1;class=Gene) could work together to regulate signaling at the NMJ. Moreover, [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) functions through [CAM-1](http://www.wormbase.org/db/get?name=CAM-1;class=Gene) to maintain normal levels of the Acetylcholine Receptor (AChR), [ACR-16](http://www.wormbase.org/db/get?name=WBGene00000055;class=Gene) at the *C. elegans* NMJ, in the presence of increased presynaptic activity, brought about by exposure to the acetylcholine esterase inhibitor, aldicarb ([@bib2]).

In this study we show that presynaptic [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) interacts directly with postsynaptic [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) across the NMJ. [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) has been previously shown to act as a nonconventional receptor for Wnt ligands ([@bib23]), indicating that the effects of [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) on synaptic function could be a result of changes in Wnt signaling at the NMJ. Our work provides genetic evidence to show that [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) functions as a receptor for the Wnt ligand, [LIN-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene). We further confirm and extend these results by showing that [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) functions through both Wnt/[LIN-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene) and [CAM-1](http://www.wormbase.org/db/get?name=CAM-1;class=Gene). We have also characterized the downstream signaling components of the [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) signaling pathway, and have identified the β-Catenin, [HMP-2](http://www.wormbase.org/db/get?name=WBGene00001979;class=Gene), as a possible effector of [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) signaling that allows for regulation of normal AChR/[ACR-16](http://www.wormbase.org/db/get?name=WBGene00000055;class=Gene) levels at the NMJ.

Materials and Methods {#s1}
=====================

Strains {#s2}
-------

All the strains used were maintained at 20° as previously described ([@bib7]). Feeding of *C. elegans* was done using the *Escherichia coli* strain, [OP50](http://www.wormbase.org/db/get?name=OP50;class=Strain). The wild-type strain used was the Bristol [N2](http://www.wormbase.org/db/get?name=N2;class=Strain) strain.

The mutant strains used in this study were: *[rig-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene)([ok2156](http://www.wormbase.org/db/get?name=WBVar00093331;class=Variation))*, *[cam-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene)([ak37](http://www.wormbase.org/db/get?name=WBVar00000112;class=Variation))*, *[lin-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene)([n1792](http://www.wormbase.org/db/get?name=WBVar00090265;class=Variation))*, and *[hmp-2](http://www.wormbase.org/db/get?name=WBGene00001979;class=Gene)([qm39](http://www.wormbase.org/db/get?name=WBVar00241247;class=Variation))*. A brief description of these alleles is given in Supplemental Material, Table S1 in [File S1](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.195297/-/DC1/FileS1.pdf).

Constructs and transgenes {#s3}
-------------------------

All the constructs were generated in pPD49.26 or pPD95.75 (Addgene). A description of the plasmids used in this study, along with the primers used, and the sequence of the constructs used for the BiFC study, are given in [File S1](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.195297/-/DC1/FileS1.pdf). Briefly, The [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) and [LIN-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene) rescue or expression plasmids used in this study are: P*myo-3*::CAM-1(FL)::GFP (BAB\#0013), P*myo-3*::CAM-1(ΔIg)::GFP (BAB\#014), P*myo-3*::CAM-1(FL) (BAB\#038), P*myo-3*::CAM-1(ΔIg) (BAB\#0039), P*unc-17*::LIN-44 (BAB\#0021), and P*unc-129*::LIN-44::mCherry (BAB\#0023). To obtain the [CAM-1](http://www.wormbase.org/db/get?name=CAM-1;class=Gene)(FL) constructs, the *cam-1a* isoform (sequence from [www.wormbase.org](http://www.wormbase.org)) was cloned under the *[myo-3](http://www.wormbase.org/db/get?name=WBGene00003515;class=Gene)* promoter. In order to generate the [CAM-1](http://www.wormbase.org/db/get?name=CAM-1;class=Gene)(ΔIg) construct, amino acids (aa) 55--111 were deleted from [CAM-1](http://www.wormbase.org/db/get?name=CAM-1;class=Gene)(FL). To achieve this, N-terminal (aa 1--55) and C-terminal (aa 111 until the stop codon) regions were separately amplified, and the fragment with the required deletion was obtained by overlap extension PCR, and then cloned. The Wnt/[LIN-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene) construct was engineered by cloning the Wnt/[LIN-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene) full-length cDNA into pPD49.26 having either the *[unc-17](http://www.wormbase.org/db/get?name=WBGene00006756;class=Gene)* or the *[unc-129](http://www.wormbase.org/db/get?name=WBGene00006852;class=Gene)* promoter in the construct. In order to design the P*unc-129*::LIN-44::mCherry construct, mCherry was cloned in the *Kpn*I site downstream of Wnt/[LIN-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene). All constructs were confirmed for their sequence and orientation by sequencing, and injected into *C. elegans* as arrays. The *rig-3*::mCherry construct that was used for the rescue experiments and the localization of [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene), the P*unc-17*::RFP (*[nuIs321](http://www.wormbase.org/db/get?name=WBTransgene00009129;class=Transgene)*), and the P*myo-3*::AChR/ACR-16::GFP (*[nuIs299](http://www.wormbase.org/db/get?name=WBTransgene00001369;class=Transgene)*) lines were as previously described in [@bib2]. The P*cam-1*::CAM-1::GFP (*[cwIs6](http://www.wormbase.org/db/get?name=WBTransgene00017579;class=Transgene)*) line was previously used in [@bib38]. All the constructs, transgenes, and lines used in this study are listed in Tables S2--S4 in [File S1](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.195297/-/DC1/FileS1.pdf).

Behavioral assays {#s4}
-----------------

### Aldicarb assay: {#s5}

The aldicarb assay was performed as previously described with minor modifications ([@bib25]; [@bib48]; [@bib53]). Briefly, 1 mM aldicarb (Sigma Aldrich; Cat. \# 33386) plates were prepared and allowed to dry at room temperature (RT); 20--25 young adult *C. elegans* were picked and placed on an aldicarb plate, the animals were prodded every 10 min with a toothpick to test for paralysis. Animals showing \<2 body bends immediately after prodding were considered as paralyzed. The assay was done in triplicate and repeated three to four times. A graph was plotted with the average percentage of *C. elegans* paralyzed at 80 min.

The rate of aldicarb-based paralysis was found to vary in a couple of the experiments, although the concentration of aldicarb used in all the experiments was the same. This variation is likely because of the use of different batches of aldicarb for these sets of experiments. However, this does not affect the overall outcome of the result drawn from these assays as the change in rate of paralysis seen in these assays was consistent for all the strains used in these assays.

Fluorescence microscopy and quantitative analysis {#s6}
-------------------------------------------------

The *cam-1*::GFP and *rig-3*::mCherry localization experiments were done using a Leica TCS SP8 confocal microscope. All other imaging was done using a Zeiss fluorescence microscope Axio Imager Z2 with an Axiocam MRm camera. In order to visualize *C. elegans*, they were immobilized with 30 mg/ml BDM on 2% agarose pads as previously described ([@bib66]). Imaging after aldicarb treatment was done with untreated animals, or after an 80-min exposure to 1 mM aldicarb. The ACR-16::GFP imaging was done along the VNC just in front of the vulva of young adult animals. Imaging was done with untreated animals or after an 80-min exposure to 1 mM aldicarb. Images were analyzed using Image J and Zen software. The fluorescence intensity obtained from 25--35 animals was averaged, and was used to plot the graph. Similarly for the Split GFP/BiFC experiments, fluorescence was quantitated along the dorsal cord of the animals, and the different strains generated were compared. Coelomocyte imaging was done in the mid and posterior coelomocytes that were imaged in adult animals. To quantitate the intensity of LIN-44::mCherry, the maximum intensity stack was utilized, and equal size regions of interest (ROI) were drawn along the coelomocytes; the average intensity obtained from each such ROI was used for analysis.

BiFC/ split GFP {#s7}
---------------

RIG-3::*spYFP* (RIG-3::VN173), RIG-3(TMD)::*spYFP* (RIG-3(TMD)::VN173), [CAM-1](http://www.wormbase.org/db/get?name=CAM-1;class=Gene)(FL)::*spYFP* ([CAM-1](http://www.wormbase.org/db/get?name=CAM-1;class=Gene)(FL)::VC155), [CAM-1](http://www.wormbase.org/db/get?name=CAM-1;class=Gene)(ΔIg)::*spYFP* ([CAM-1](http://www.wormbase.org/db/get?name=CAM-1;class=Gene)(ΔIg)::VC155), and [CAM-1](http://www.wormbase.org/db/get?name=CAM-1;class=Gene)(ΔKR, ΔCRD)+2Ig::*spYFP* ([CAM-1](http://www.wormbase.org/db/get?name=CAM-1;class=Gene)(ΔKR, ΔCRD)+2Ig::VC155), were generated by custom gene synthesis (Thermofisher GENEART). The RIG-3::VN173 and RIG-3(TMD)::VN173 transgenes were cloned into *Nhe*I and *Kpn*I sites in pPD49.26 under *[unc-17](http://www.wormbase.org/db/get?name=WBGene00006756;class=Gene)* or *[unc-129](http://www.wormbase.org/db/get?name=WBGene00006852;class=Gene)* promoters. The [CAM-1](http://www.wormbase.org/db/get?name=CAM-1;class=Gene)(FL)::VC155, [CAM-1](http://www.wormbase.org/db/get?name=CAM-1;class=Gene)(ΔIg)::VC155 and [CAM-1](http://www.wormbase.org/db/get?name=CAM-1;class=Gene)(ΔKR, ΔCRD)+2Ig::VC155 inserts were cloned under *[myo-3](http://www.wormbase.org/db/get?name=WBGene00003515;class=Gene)* promoter in pPD49.26 by utilizing *Xba*I and *Kpn*I sites. The VN173 and VC155 sequences were as described previously ([@bib65]). Linkers were inserted between the split fluorescent tag and the gene as previously described ([@bib29]). The sequences used for this experiment are listed in [File S1](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.195297/-/DC1/FileS1.pdf). For control experiments, [CAM-1](http://www.wormbase.org/db/get?name=CAM-1;class=Gene)(FL)::VC155 and [CAM-1](http://www.wormbase.org/db/get?name=CAM-1;class=Gene)(ΔIg)::VC155 constructs were injected at 20 μg into [N2](http://www.wormbase.org/db/get?name=N2;class=Strain) animals, and the RIG-3::VN173 construct was injected into the *[rig-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene)* mutant *C. elegans*. The injection marker used was pCFJ90 (*Pmyo-2*::mCherry). The experimental protocol involved coinjection of 20 μg of RIG-3::VN173 with 20 μg of either [CAM-1](http://www.wormbase.org/db/get?name=CAM-1;class=Gene)(FL)::VC155 or [CAM-1](http://www.wormbase.org/db/get?name=CAM-1;class=Gene)(ΔIg)::VC155 in order to identify the interactions between [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) and [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene). The presence of transgenes in the *C. elegans* was confirmed by genotyping. The interaction between [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) and [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) was observed by fluorescent imaging.

Immunoprecipitation {#s8}
-------------------

To perform immunoprecipitation experiments, CAM-1::GFP expressing *C. elegans* were grown on 20 plates 140 mm in diameter. The animals were collected using M9 buffer (∼5 ml) into 2 ml tubes. The *C. elegans* were allowed to settle, and the supernatant was removed; this washing process was repeated three more times. Finally, the *C. elegans* were suspended in a 2× volume of lysis buffer (B-PER with Enzymes Bacterial Protein Extraction Kit; Pierce\# 90078) with protease inhibitors (Protease inhibitor cocktail setI -539131-1VLCN; Merck Millipore) and 1 mM PMSF. *C. elegans* were lysed by sonication; four bursts of (8--10 W) for 5 sec each, centrifuged at 14,000 rpm for 5 min, and the supernatant was taken to perform the pull-down assay. A 5 mg sample of protein was taken in a 500 μl volume of lysis buffer; 4 μl GFP antibody (EMD Millipore \# MAB3580 (IF)) was added and incubated at 4° for 1 hr. Then, 50 μl of protein preequilibrated A/G beads (MERCK Millipore \#16--125) were added to the lysate, and incubated further another 3 hr. Next, we gave five, 5-min washes with 1 ml ice-cold lysis buffer. The protein was then eluted in 100 μl of sample buffer by boiling for 5 min ([@bib76]). Western blotting was performed by using 1:2000 dilution of affinity purified (Protein A beads) rabbit RIG-3 Polyclonal antibodies (raised through Merck, see [File S1](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.195297/-/DC1/FileS1.pdf)). We used anti-rabbit secondary Ab (1:2000; goat anti-rabbit, IgG-AP \# sc-2007, Santa Cruz) to probe the western blot. Protein detection was done with Pierce Alkaline phosphatase substrate (1-Step NBT/BCIP Solution\# 34042).

Statistical analysis {#s9}
--------------------

To perform statistical analysis, Excel 2010 with Analysis Toolpak (Microsoft, Seattle, WA) was used. Averages, percentages, and SEM were calculated from data generated after performing assays or quantitation. *P* values were identified by one-way or two-way ANOVA analysis across test populations, followed by *post hoc* analysis using two-tailed Student's *t*-test with unequal variance.

Data availability {#s10}
-----------------

Strains and plasmids are available upon request. Tables S3 and S4 in [File S1](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.195297/-/DC1/FileS1.pdf) contain all the plasmids and strains that have been used in this study.

Results {#s11}
=======

Overexpression of CAM-1 without the Ig domain (ΔIg) generates a phenotype similar to *rig-3* mutants {#s12}
----------------------------------------------------------------------------------------------------

Previously published data have shown that [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) genetically interacts with the Ror tyrosine kinase, [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene), the first evidence being the result that increased postsynaptic AChR/[ACR-16](http://www.wormbase.org/db/get?name=WBGene00000055;class=Gene) receptor levels, and the increased postsynaptic current phenotypes seen in *[rig-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene)* mutants treated with the cholinesterase inhibitor aldicarb, were completely suppressed by mutations in *[cam-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene)*. The second is the result that *[rig-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene)* mutants show increased CAM-1::GFP punctate fluorescence at the NMJ ([@bib2]). CAM-1 has an intracellular kinase domain and an extracellular region consisting of a Kringle domain, a Cysteine Rich Domain (CRD), and an Ig domain ([@bib22]; schematized in [Figure 1A](#fig1){ref-type="fig"}). A previous study in *C. elegans* has shown that the function of [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) at the NMJ is largely dependent upon its extracellular domain (ECD) ([@bib35]). Further, various studies have indicated the importance of Ig domains in protein--protein interactions, and have shown that these domains interact with each other in a homophilic or heterophilic manner (reviewed in [@bib6]; [@bib24]; [@bib15]).

![RIG-3 functions through the Ig domain of CAM-1. (A) Schematic of CAM-1: the panel indicates schematic representations of CAM-1 domains for Full Length (FL) CAM-1, and the CAM-1 coding sequence lacking the Immunoglobulin domain, *i.e.*, CAM-1(ΔIg). CRD, Cysteine Rich Domain; Kr, Kringle domain; TM, Transmembrane domain. (B) Aldicarb assays of *rig-3* and *cam-1* mutants and their rescue lines: this panel indicates a bar- graph showing the percentage of *C. elegans* paralyzed on aldicarb at the end of 80 min. In all figures, mutant and rescue lines were tested against control WT animals for significant differences. \* *P* \< 0.05, \*\* *P* \< 0.01, and \*\*\* *P* \< 0.001. The numbers at the base of the bars for all figures showing aldicarb assays indicates number of times the assay was performed with 15--25 animals used for each trial. (C) Quantitation of AChR/ACR-16 in *rig-3* and *cam-1* mutants along with the CAM-1 rescue lines: the top portion of the panel shows images of AChR/ACR-16 tagged with GFP in control WT, *rig-3*, and *cam-1* mutants, and CAM-1(FL) and CAM-1(ΔIg) rescue lines. The lower part of the panel shows quantitation of AChR/ACR-16 levels along the Ventral Nerve Cord (VNC). The numbers analyzed for each genotype are indicated. In all figures "+A" indicates "+Aldicarb," where 1 mM aldicarb treatment was done for 80 min unless otherwise mentioned. In (B and C), the CAM-1 rescue experiments were done by expressing CAM-1 specifically in the body-wall muscle with the *myo-3* promoter. In (B) and (C), RIG-3 rescue was done by expressing RIG-3 under it's own promoter, which is expressed in cholinergic motor neurons. Error bars indicate SEM in all panels.](1521fig1){#fig1}

Since [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) is localized extracellularly on presynaptic neurons (through a GPI anchor) ([@bib2]), and [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) is a transmembrane domain protein that functions postsynaptically in muscles ([@bib21]; [@bib35]), we reasoned that the extracellular Ig domain of [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) might be showing an association with the Ig domains of [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene). If this was the case, deletion of the Ig domain (∆Ig) in [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) (schematized in [Figure 1A](#fig1){ref-type="fig"}) could lead to loss of association between [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) and [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene), and the *[cam-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene)* mutants expressing [CAM-1](http://www.wormbase.org/db/get?name=CAM-1;class=Gene)(∆Ig) would behave like *[rig-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene)* mutants. We evaluated this hypothesis by rescuing the *[cam-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene)* mutant phenotypes using full length (FL) [CAM-1](http://www.wormbase.org/db/get?name=CAM-1;class=Gene) and the [CAM-1](http://www.wormbase.org/db/get?name=CAM-1;class=Gene)(∆Ig) constructs, both expressed in the body-wall muscles of the animal. Previous work has shown that *[cam-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene)* mutants are resistant to aldicarb as they have less AChR/[ACR-16](http://www.wormbase.org/db/get?name=WBGene00000055;class=Gene) expressed at the neuromuscular synapse; conversely, *[rig-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene)* mutants are hypersensitive to aldicarb, as they show an increase in AChR/[ACR-16](http://www.wormbase.org/db/get?name=WBGene00000055;class=Gene) levels at the NMJ in the presence of aldicarb ([@bib21]; [@bib2]). Upon transforming the *[cam-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene)* mutants with [CAM-1](http://www.wormbase.org/db/get?name=CAM-1;class=Gene)(FL), we were able to rescue the aldicarb-resistant phenotype of the mutant animals ([Figure 1B](#fig1){ref-type="fig"}), the rescue with [CAM-1](http://www.wormbase.org/db/get?name=CAM-1;class=Gene)(∆Ig), however, showed hypersensitivity to aldicarb that was similar to that seen in *[rig-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene)* mutants ([Figure 1B](#fig1){ref-type="fig"}). The expression of the CAM-1 rescue lines was quantified by RT-PCR analysis, and found to be approximately the same in both cases (Figure S1A in [File S1](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.195297/-/DC1/FileS1.pdf)). In order to test if expressing [CAM-1](http://www.wormbase.org/db/get?name=CAM-1;class=Gene)(ΔIg) would cause a change in the abundance of [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) itself, we assayed for CAM-1::GFP levels upon expression of [CAM-1](http://www.wormbase.org/db/get?name=CAM-1;class=Gene)(∆Ig), and found no change in CAM-1::GFP levels in these animals when compared to control *C. elegans* (Figure S1B in [File S1](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.195297/-/DC1/FileS1.pdf)).

The phenotype seen in *[rig-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene)* mutants was completely rescued by expressing a genomic fragment of *[rig-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene)* tagged with mCherry, which has previously been used to rescue the *[rig-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene)* hypersensitivity to aldicarb phenotype ([@bib2]).

Since aldicarb affects the acetylcholine levels at the NMJ, and it was previously found that [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) affects the levels of AChR/[ACR-16](http://www.wormbase.org/db/get?name=WBGene00000055;class=Gene) at the NMJ in an aldicarb-dependent manner ([@bib2]), we tested the effect of these mutants on synaptic AChR/[ACR-16](http://www.wormbase.org/db/get?name=WBGene00000055;class=Gene) in the presence of aldicarb using a previously described ACR-16::GFP line ([@bib2]). We found that the [CAM-1](http://www.wormbase.org/db/get?name=CAM-1;class=Gene)(FL) rescued the decreased AChR/[ACR-16](http://www.wormbase.org/db/get?name=WBGene00000055;class=Gene) levels at the synapse that is seen in *[cam-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene)* mutants, while [CAM-1](http://www.wormbase.org/db/get?name=CAM-1;class=Gene)(∆Ig) caused the *[cam-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene)* mutant animals to show increased synaptic AChR/[ACR-16](http://www.wormbase.org/db/get?name=WBGene00000055;class=Gene) upon aldicarb treatment, similar to what is seen in *[rig-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene)* mutants ([Figure 1C](#fig1){ref-type="fig"}).

RIG-3 and CAM-1 interact directly across the NMJ {#s13}
------------------------------------------------

To further analyze the association between [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) and [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) at the NMJ, we analyzed the localization pattern of [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) and [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) at the NMJ using previously described *rig-3*::mCherry and *cam-1*::GFP lines, both of which are genomically tagged genes with their own promoters ([@bib19]; [@bib2]). Since [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) and [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) are likely to be functioning at the NMJ, we analyzed their localization pattern at the NMJ. We found that [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) was localized to the presynaptic regions of the NMJ, whereas [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) was expressed in the corresponding postsynaptic region (muscle) (Figure S2A in [File S1](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.195297/-/DC1/FileS1.pdf)). However, [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) expression was diffuse; this could be due to the fact that [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) is present both at the presynaptic terminal and is also secreted, as has been shown previously ([@bib2]). [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) expression was also found in the regions where muscle arms make contact with the ventral cord. These results further strengthened our hypothesis that there could be an association between [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) and [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) at the NMJ.

To further confirm that [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) and [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) interact directly across the NMJ, we performed the previously described method of split GFP/YFP or bimolecular fluorescence complementation (BiFC) ([@bib29]; [@bib65]). The transgenic constructs with split variants of YFP were designed for [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene), [CAM-1](http://www.wormbase.org/db/get?name=CAM-1;class=Gene)(FL), and [CAM-1](http://www.wormbase.org/db/get?name=CAM-1;class=Gene)(ΔIg). The signal sequences were identified for the proteins, and the split variant fragments of venus yellow fluorescent protein (YFP) were fused along with linkers to obtain RIG-3::*spYFP* (RIG-3::VN173), [CAM-1](http://www.wormbase.org/db/get?name=CAM-1;class=Gene)(FL)::*spYFP* ([CAM-1](http://www.wormbase.org/db/get?name=CAM-1;class=Gene)(FL)::VC155), and [CAM-1](http://www.wormbase.org/db/get?name=CAM-1;class=Gene)ΔIg::*spYFP* ([CAM-1](http://www.wormbase.org/db/get?name=CAM-1;class=Gene)(ΔIg)::VC155). The [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) transgene derived expression from the presynaptic *[unc-17](http://www.wormbase.org/db/get?name=WBGene00006756;class=Gene)* promoter while the [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) transgenes were cloned under the body-wall muscle, *[myo-3](http://www.wormbase.org/db/get?name=WBGene00003515;class=Gene)*, promoter. The split YFP tags were extracellular for all the transgenes. All the transgenes were tested for functionality by injecting into *[rig-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene)* and *[cam-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene)* mutants, and performing aldicarb rescue assays (Figure S2, B and C in [File S1](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.195297/-/DC1/FileS1.pdf)). The RIG-3::*spYFP* construct rescued the aldicarb hypersensitivity seen in *[rig-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene)* mutants, while the [CAM-1](http://www.wormbase.org/db/get?name=CAM-1;class=Gene)(FL)::*spYFP* could also rescue the aldicarb resistant phenotype seen in the *[cam-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene)* mutants. Further, the [CAM-1](http://www.wormbase.org/db/get?name=CAM-1;class=Gene)(ΔIg)::*spYFP* construct caused the *[cam-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene)* mutants to mimic the *[rig-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene)* hypersensitive phenotype that was previously seen ([Figure 1B](#fig1){ref-type="fig"} and Figure S2C in [File S1](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.195297/-/DC1/FileS1.pdf)). The above constructs were then injected individually, or [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) constructs were coinjected with [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene). Upon analysis, we observed that the [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) and [CAM-1](http://www.wormbase.org/db/get?name=CAM-1;class=Gene)(FL and ΔIg) by themselves exhibited a basal level of fluorescence, whereas the coinjected [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) and [CAM-1](http://www.wormbase.org/db/get?name=CAM-1;class=Gene)(FL) fusion proteins showed a marked increase in the fluorescence at the NMJ ([Figure 2, B and C](#fig2){ref-type="fig"}, arrowhead in [Figure 2B](#fig2){ref-type="fig"}). Since [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) is driven using the *[unc-17](http://www.wormbase.org/db/get?name=WBGene00006756;class=Gene)* promoter, which shows expression in both the dorsal DA, DB and ventral VA, VB motor neurons, we expected that YFP reconstitution would occur in both the ventral and dorsal cord, which is what we see, as depicted in [Figure 2A](#fig2){ref-type="fig"}. However, coinjection of [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) and [CAM-1](http://www.wormbase.org/db/get?name=CAM-1;class=Gene)(ΔIg) did not show the increased fluorescence seen with [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) and [CAM-1](http://www.wormbase.org/db/get?name=CAM-1;class=Gene)(FL) ([Figure 2, A and B](#fig2){ref-type="fig"}). However, we could not rule out the possibility that deleting the Ig domain from [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) would cause the protein to be of a smaller size, which could in fact be the reason for loss of interaction between [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) and [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene). In order to address this issue, we replaced the Ig domain of [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) with a nonfunctional domain. This construct was also unable to reconstitute YFP with [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene), indicating that the Ig domain in [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) could be necessary for the interaction between [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) and [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) (Figure S2D in [File S1](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.195297/-/DC1/FileS1.pdf); panel 1). Our results so far indicate that the Ig domain of [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) is necessary for interaction between [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) and [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene). In order to see if any of the other extracellular domains of [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) are also required for this interaction, we deleted the CRD and Kr domains individually in the [CAM-1](http://www.wormbase.org/db/get?name=CAM-1;class=Gene)(FL) gene, and still observed interaction between [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) and [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) (Figure S2C in [File S1](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.195297/-/DC1/FileS1.pdf); panels 2 and 3). Further, when we deleted both Kr and CRD domains from [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) and replaced them with the Ig domain of [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene), we again found reconstitution of YFP at the NMJ of these animals ([Figure 2, A and B](#fig2){ref-type="fig"}). Taken together, these experiments show that the Ig domain of [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) is necessary and sufficient for interaction with [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene). Previous work has shown that [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) is both anchored to the cell membrane and is a secreted molecule ([@bib2]), the secreted [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) would also be expected to interact with [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) in the muscle. We detected fluorescence along the muscle arms in the reconstituted BiFC line ([Figure 2A](#fig2){ref-type="fig"}), indicating that the secreted [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) also interacted with [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene). As a control, the [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) region required for attachment of the GPI anchor was replaced with the transmembrane domain of [NLG-1](http://www.wormbase.org/db/get?name=WBGene00006412;class=Gene) in the RIG-3(TMD) construct. This construct also showed reconstitution of YFP with [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene); however, the muscle fluorescence was reduced in this line as indicated in Figure S2D in [File S1](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.195297/-/DC1/FileS1.pdf); panel 4. Our results show that RIG-3 tethered to the membrane can interact with [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene), and that this interaction is more specific to the NMJ, as less [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) is secreted in this line, as has been shown previously ([@bib2]).

![RIG-3 directly interacts with CAM-1. (A) Bimolecular fluorescence complementation (BiFC) analysis of CAM-1 and RIG-3 interaction at the NMJ: the figure shows representative fluorescent images (YFP) of the *C. elegans* Dorsal Nerve Cord (DNC) expressing the transgenic protein indicated. The top four panels display the controls showing basal YFP levels with *Pmyo-3*::CAM-1(ΔIg)::VC155, *Pmyo-3*::CAM-1(FL)::VC155, *Punc-17*::RIG-3::VN173, and *Punc-17*::RIG-3::VN173 coinjected with *Pmyo-3*::CAM-1(ΔIg)::VC155. The lower two panels that are adjacent to the illustrations of the constructs used in the BiFC experiments show the image where *Punc-17*::RIG-3::VN173 is coinjected with *Pmyo-3*::CAM-1(FL)::VC155 and *Punc-17*::RIG-3::VN173 is coinjected with *Pmyo-3*::CAM-1(ΔKr, ΔCRD)+ 2Ig::VC155 respectively. A clear increase over the basal levels of YFP is seen in these panels. The image to the bottom right of the figure is a small area along the VNC that has been zoomed into from the image on the left (dotted box). The image next to it shows expression of YFP along the DNC in the same animals that show YFP expression in the VNC, this was seen in all eight animals that were assayed to look at the DNC. VNC indicates ventral nerve cord, and DNC indicates dorsal nerve cord, respectively. CAM-1 was expressed in the body-wall muscle with the *myo-3* promoter, while RIG-3 was expressed in cholinergic neurons using the *unc-17* promoter. (B) Graph of the bimolecular fluorescence images: In order to quantify the YFP fluorescence levels, 25 animals for each genotype where imaged, and their fluorescence along the ventral nerve cord quantified and plotted in the graph. The fluorescence intensity was normalized against *C. elegans* coexpressing *Punc-17*::RIG-3::VN173 and *Pmyo-3*::CAM-1(FL)::VC155. Error bars indicate SEM.](1521fig2){#fig2}

Since the *[unc-17](http://www.wormbase.org/db/get?name=WBGene00006756;class=Gene)* promoter allows for expression in both the DA and VA neurons among others, while the *[unc-129](http://www.wormbase.org/db/get?name=WBGene00006852;class=Gene)* promoter shows a more restricted expression in DA neurons ([@bib60]), we hypothesized that expressing the RIG-3::*spYFP* construct under the *[unc-129](http://www.wormbase.org/db/get?name=WBGene00006852;class=Gene)* promoter would show YFP reconstitution in the dorsal cord, and not the ventral nerve cord. We performed this experiment in the background of P*acr-2*:: mCherry::RAB-3, which shows expression in both the ventral and dorsal cords. Our results showed that YFP expression was indeed seen only along the dorsal cord upon expressing P*unc-129*::RIG-3::*spYFP* and P*myo-3*::CAM-1::*spYFP* in the same animals ([Figure 3A](#fig3){ref-type="fig"}, top panels). Further, similar to the previous experiment, where we saw a more compact (less diffuse) expression of YFP in the dorsal cord, here, too, YFP expression was more restricted. The control P*myo-3*::CAM-1(ΔIg)::*spYFP* construct along with RIG-3::*spYFP* did not show any YFP reconstitution ([Figure 3A](#fig3){ref-type="fig"}). We also performed a similar experiment with the RIG-3 (TMD)::*spYFP* construct expressed under the *[unc-129](http://www.wormbase.org/db/get?name=WBGene00006852;class=Gene)* promoter, coinjected with P*myo-3*::CAM-1::*spYFP*, and again found YFP reconstitution only in the dorsal cord and not the ventral cord ([Figure 3A](#fig3){ref-type="fig"}, lower right panels).

![Interaction between RIG-3 and CAM-1. (A) YFP reconstitution across the dorsal cord in the background of P*acr-2*::mCherry::RAB-3 that shows expression along both the cords: RIG-3 expressed under the *unc-129* promoter interacts with CAM-1 expressed in body-wall muscle (*myo-3 promoter*) along the dorsal cord, but not along the ventral cord (top rows; arrowheads). The lower left set of images show the control, where RIG-3 does not interact with CAM-1(ΔIg). RIG-3(TMD) also shows interaction with CAM-1 along the dorsal cord (lower right panels, arrowhead). (B) Coimmunoprecipitation experiment: the panel shows the coimmunoprecipitation (Co-IP) blot. Protein extracts isolated from WT and CAM-1::GFP animals were allowed to interact with GFP antibody and pulled down using ProteinA/G beads. As a control, the same protein extracts were allowed to bind to beads but without GFP antibody. The coimmunoprecipitated complex was probed with the anti-RIG-3 antibody. The RIG-3 containing complex was pulled down only in the lane containing the CAM-1::GFP animals, and not in any of the other three control lanes (arrowhead). Co-IP analysis indicates interaction between CAM-1 and RIG-3.](1521fig3){#fig3}

Finally, we complemented this data with *in vitro* pull-down experiments, where we used the GFP antibody to pull down the CAM-1::GFP interacting complex. As a control, protein from WT *C. elegans* was allowed to interact with the GFP Ab. Upon blotting with an antibody against the [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) protein (Figure S3 in [File S1](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.195297/-/DC1/FileS1.pdf)), we found that [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) was pulled down with CAM-1::GFP complex, whereas, in the case of WT samples, no band was found corresponding to the [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) protein. A similar result was seen with controls where the GFP antibody was not added ([Figure 3B](#fig3){ref-type="fig"}). Taken together, these results show that [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) interacts with [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) at the NMJ.

RIG-3 regulates Wnt/LIN-44 signaling through CAM-1 {#s14}
--------------------------------------------------

It has been previously reported that mutants in the *Wntless* homolog of *C. elegans*, *[mig-14](http://www.wormbase.org/db/get?name=WBGene00003246;class=Gene)*, are resistant to aldicarb, and completely suppresses the hypersensitivity to aldicarb phenotype seen in *[rig-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene)* mutants ([@bib2]). In order to identify the Wnt for the [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) regulated signaling pathway at the NMJ, we tested the interaction between *[rig-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene)* and Wnts in aldicarb assays, we found that the *Wnt/[lin-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene)* mutant was resistant to aldicarb and completely suppressed the hypersensitivity to aldicarb seen in *[rig-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene)* mutants ([Figure 4A](#fig4){ref-type="fig"}). Since it has previously been shown that [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) regulates signaling at the NMJ from the cholinergic neurons, we first investigated if the expression of Wnt/[LIN-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene) in cholinergic neurons would rescue the resistance to aldicarb phenotype seen in the mutants. Our results indicated that expressing Wnt/[LIN-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene) in the cholinergic neurons could indeed rescue the resistance to aldicarb phenotype ([Figure 4B](#fig4){ref-type="fig"}). Since Wnt/[LIN-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene) has only been shown to express at the posterior end of the *C. elegans*, we expressed Wnt/[LIN-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene) in cholinergic neurons and saw that it did rescue the aldicarb phenotype of *Wnt/[lin-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene)* mutants, indicating that the Wnt/[LIN-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene) may be expressed in other tissues like motor neurons. However, the fact that Wnt/[LIN-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene) could rescue the aldicarb phenotype by expression in any tissue type of the *C. elegans* body cannot be excluded. Next, we examined *Wnt/[lin-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene)* mutants for defects in cholinergic and GABAergic neuronal development, and found that, at a gross level, there were no defects in neuronal development and/or axon guidance in these neurons (Figure S4, A and B in [File S1](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.195297/-/DC1/FileS1.pdf)). A previous study has shown that [LIN-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene) and [EGL-20](http://www.wormbase.org/db/get?name=WBGene00001188;class=Gene) locally determined the presynaptic assembly and specification of the posterior DA9 synapses, and that *Wnt/[lin-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene)* mutants show synapse development defects only in the posterior DA9 neuromuscular synapses, and not the more anterior synapses ([@bib40]). Similar to what the authors show, on analyzing both cholinergic and GABAergic synapse development using the SYD-2::GFP marker, we found that synapses anterior to the DA9 synapses were largely normal in the *Wnt/[lin-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene)* mutant animals (Figure S4, C and D in [File S1](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.195297/-/DC1/FileS1.pdf)).

![RIG-3 functions through the Wnt/LIN-44 at the NMJ. (A) Aldicarb assay for *Wnt/lin-44*; *rig-3* mutants, and control strains: paralysis on aldicarb was assayed in WT control animals, *rig-3*, *Wnt/lin-44*, and *Wnt/lin-44*; *rig-3* double mutants. (B) Rescue of the *Wnt/lin-44* mutant phenotype: Graph indicates rescue of the aldicarb resistance phenotype seen in the *Wnt/lin-44* mutants. The rescue constructs of all three rescuing lines expressed Wnt/LIN-44 in the cholinergic neurons using the *unc-17* promoter. The three bars indicate three independent rescuing lines of Wnt/LIN-44. (C) The increased AChR/ACR-16 expression seen in *rig-3* mutants is suppressed by *Wnt/lin-44* mutation: the left panel displays images of WT, *rig-3*, *Wnt/lin-44*, and *Wnt/lin-44*; *rig-3* double mutants showing expression of AChR/ACR-16 tagged with GFP along the VNC of *C. elegans* after treating the animals with aldicarb. The right side of the panel shows a graph of AChR/ACR-16 quantitation, which has been normalized against the average AChR/ACR-16 fluorescence values in WT animals. (D) RIG-3 does not affect Wnt/LIN-44 secretion: the left side of the panel shows the images of coelomocytes with Wnt/LIN-44 tagged to the mCherry marker in WT, *rig-3* and *mig-14* mutants. The coelomocytes show uptake of the Wnt/LIN-44 that has been secreted from cholinergic neurons where it was originally expressed. The right side of the panel shows the quantitation of the coelomocyte fluorescence normalized to WT. The black bars indicate normalized coelomocyte fluorescence in WT and *rig-3* mutants before aldicarb treatment, while the blue bars indicate the normalized fluorescent values after aldicarb treatment. The number at the base of the graph indicates the number of animals that were tested. The second bar shows a similar quantitation where the coelomocyte fluorescence is compared between WT and *mig-14* animals. Error bars indicate SEM in all panels.](1521fig4){#fig4}

Since *[rig-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene)* mutants showed higher AChR/[ACR-16](http://www.wormbase.org/db/get?name=WBGene00000055;class=Gene) levels at the NMJ upon increased activity, *i.e.*, aldicarb treatment ([@bib2]), and previous work has shown that *Wnt/[lin-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene)* is involved in the subcellular positioning of the DA9 presynaptic specializations at the NMJ ([@bib40]), indicating a role for Wnt/[LIN-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene) at the NMJ, we were prompted to check if *Wnt/[lin-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene)* mutants showed defects in AChR/[ACR-16](http://www.wormbase.org/db/get?name=WBGene00000055;class=Gene) at the NMJ. We found that *Wnt/[lin-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene)* mutants displayed a decrease in AChR/[ACR-16](http://www.wormbase.org/db/get?name=WBGene00000055;class=Gene) levels at the NMJ upon treatment with aldicarb; furthermore, the mutants completely suppressed the increased AChR/[ACR-16](http://www.wormbase.org/db/get?name=WBGene00000055;class=Gene) levels seen in *[rig-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene)* mutants ([Figure 4C](#fig4){ref-type="fig"}). These results further indicated that Wnt/[LIN-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene) could function downstream of [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) at the NMJ.

Since [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) functions through Wnt/[LIN-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene) at the NMJ, we wanted to examine the affect of [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) on the secretion of the Wnt/[LIN-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene) ligand. In order to test this, we made a line with Wnt/[LIN-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene) tagged with the mCherry marker, and expressed in a subset of cholinergic neurons. As previously described for other Wnts, the Wnt/[LIN-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene) was also secreted into phagocytic bodies, called coelomocytes, that are present along the body of *C. elegans* and could be detected using the mCherry signal ([@bib35]). We quantitated the mCherry signal from control wild-type animals and *[rig-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene)* mutants, before and after treatment with aldicarb, and found that there was no significant difference in the fluorescence intensity of coelomocytes when quantitated in wild type (WT) and *[rig-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene)* mutant animals, with or without treatment with aldicarb ([Figure 4D](#fig4){ref-type="fig"}). Wnts are known to require Wntless proteins for their secretion (reviewed in [@bib14]). In order to ascertain that the LIN-44::mCherry construct also required Wntless/[MIG-14](http://www.wormbase.org/db/get?name=WBGene00003246;class=Gene) for its secretion, we assayed mCherry fluorescence in coelomocytes of *[mig-14](http://www.wormbase.org/db/get?name=WBGene00003246;class=Gene)* animals that were expressing Wnt/[LIN-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene) tagged to mCherry. We found a marked reduction of fluorescence in the coelomocytes of *[mig-14](http://www.wormbase.org/db/get?name=WBGene00003246;class=Gene)* mutant animals when compared to WT animals ([Figure 4D](#fig4){ref-type="fig"}), indicating that the LIN-44::mCherry requires Wntless/[MIG-14](http://www.wormbase.org/db/get?name=WBGene00003246;class=Gene) for its secretion into coelomocytes. These results suggest that [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) is not required for normal secretion of Wnt/[LIN-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene) from cholinergic neurons, but is required for regulating the pathway that allows for maintaining normal AChR/[ACR-16](http://www.wormbase.org/db/get?name=WBGene00000055;class=Gene) levels through the Wnt/[LIN-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene) signaling pathway.

Wnt/LIN-44 functions through the RTK, CAM-1 at the NMJ {#s15}
------------------------------------------------------

Previous studies have shown that [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) acts as a nonconventional receptor or an inhibitor of the Wnt signaling pathway, and, in doing so, binds to Wnts through its CRD domain ([@bib22]). Moreover, a more recent study has shown that [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene), along with [LIN-17](http://www.wormbase.org/db/get?name=WBGene00003006;class=Gene), acts as a heteromeric receptor for the Wnt ligand [CWN-2](http://www.wormbase.org/db/get?name=WBGene00000858;class=Gene) and participates in synaptic transmission ([@bib35]). Our data indicated that [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) and Wnt/[LIN-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene) behaved similarly and antagonistically to [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene); we thus speculated that Wnt/[LIN-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene) could function through [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene). We investigated the aldicarb dependent paralysis phenotype of *Wnt/[lin-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene)*; *[cam-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene)* double mutants, and found the phenotype of *[cam-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene)*, *Wnt/[lin-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene)* and the double mutants to be similar and not additive ([Figure 5A](#fig5){ref-type="fig"}). In order to further analyze the effect of the Wnt/[LIN-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene) mediated signaling, we checked the levels of AChR/[ACR-16](http://www.wormbase.org/db/get?name=WBGene00000055;class=Gene) at the NMJ. We found that both *Wnt/[lin-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene)* and *[cam-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene)* mutants showed a similar reduction in AChR/[ACR-16](http://www.wormbase.org/db/get?name=WBGene00000055;class=Gene) levels at the NMJ, and that the double mutant was again similar to the single mutants and not additive ([Figure 5B](#fig5){ref-type="fig"}). These results indicate that Wnt/[LIN-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene) could function through [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene), and regulate AChR/[ACR-16](http://www.wormbase.org/db/get?name=WBGene00000055;class=Gene) levels at the NMJ in the presence of increased activity brought about by aldicarb treatment.

![Wnt/LIN-44 could function through CAM-1 at the NMJ. (A) Wnt/LIN-44 and CAM-1 genetically interact with each other: the graph indicates paralysis on aldicarb for *Wnt/lin-44*; *cam-1* double mutants and control animals. The assay was performed on 1 mM aldicarb containing plates. The percentage of animals that paralyzed at 80 min were plotted, and statistical analysis was performed to ascertain significant difference of mutant values from the WT *C. elegans*. (B) Wnt/LIN-44 could function through CAM-1 to maintain AChR/ACR-16 levels at the NMJ: the left side of the panel shows images of AChR/ACR-16 tagged with GFP along the VNC. The right side of the panel shows the quantitation of the AChR/ACR-16 fluorescence levels that are normalized to control WT fluorescent values. Error bars indicate SEM in all panels.](1521fig5){#fig5}

If [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) is indeed binding to [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) and preventing the Wnt/[LIN-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene) from functioning through [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene), we speculated that expression of [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene)(ΔIg) that cannot bind [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) would show increased sensitivity to aldicarb. Similarly, increased expression of Wnt/[LIN-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene) would also show a similar increased sensitivity to aldicarb. To test our hypothesis, we went on to examine the *C. elegans* paralysis in response to aldicarb when overexpressing [CAM-1](http://www.wormbase.org/db/get?name=CAM-1;class=Gene)(ΔIg) in the body-wall muscle of *C. elegans*, and Wnt/[LIN-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene) in the cholinergic neurons of the animals. Both sets of *C. elegans* showed similar hypersensitivity to aldicarb, again indicating that Wnt/[LIN-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene) could be functioning through [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) at the NMJ (Figure S5 in [File S1](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.195297/-/DC1/FileS1.pdf)).

β-catenin/HMP-2 functions downstream of RIG-3 {#s16}
---------------------------------------------

Wnts can function in a β-catenin dependent (canonical pathway) or independent (noncanonical) manner. In the canonical Wnt pathway, Wnts function through Frizzled receptors. However, in some cases, [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) has been shown to act as a nonconventional receptor, or a coreceptor, for Wnts ([@bib22]; [@bib35]).

We decided to test if [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) functions through the known β-catenin genes, which are the final effector genes of Wnt signaling pathways that result in the activation of target genes, and are known to function downstream of *frizzled* genes or *[cam-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene)* ([@bib33]). In *C. elegans*, there are four genes that encode for β-Catenins (*[wrm-1](http://www.wormbase.org/db/get?name=WBGene00006943;class=Gene)*, *[bar-1](http://www.wormbase.org/db/get?name=WBGene00000238;class=Gene)*, *[sys-1](http://www.wormbase.org/db/get?name=WBGene00006379;class=Gene)*, and *[hmp-2](http://www.wormbase.org/db/get?name=WBGene00001979;class=Gene)*). Upon testing the mutants of these genes for aldicarb phenotypes, we found that only the *β-catenin/[hmp-2](http://www.wormbase.org/db/get?name=WBGene00001979;class=Gene)* mutant strain was resistant to aldicarb ([Figure 6A](#fig6){ref-type="fig"}). Further, we could rescue the resistance to aldicarb phenotype of the *β-catenin/[hmp-2](http://www.wormbase.org/db/get?name=WBGene00001979;class=Gene)* mutant by expressing β-Catenin/[HMP-2](http://www.wormbase.org/db/get?name=WBGene00001979;class=Gene) in the body-wall muscle of *C. elegans* ([Figure 6A](#fig6){ref-type="fig"}). In order to examine the possibility that *β-catenin/[hmp-2](http://www.wormbase.org/db/get?name=WBGene00001979;class=Gene)* may function downstream of *[rig-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene)* and *[cam-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene)*, we made double mutants of *β-catenin/[hmp-2](http://www.wormbase.org/db/get?name=WBGene00001979;class=Gene)* with *[rig-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene)* and *[cam-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene)*, respectively. It was evident from the aldicarb assay that β-catenin/[HMP-2](http://www.wormbase.org/db/get?name=WBGene00001979;class=Gene) could be functioning downstream of both [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) and [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) ([Figure 6B](#fig6){ref-type="fig"}). These data indicate that [HMP-2](http://www.wormbase.org/db/get?name=WBGene00001979;class=Gene) could be the β-catenin through which [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) and [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) function at the NMJ to maintain AChR levels. In order to test the possibility that *β-catenin/[hmp-2](http://www.wormbase.org/db/get?name=WBGene00001979;class=Gene)* mutants could affect AChR/[ACR-16](http://www.wormbase.org/db/get?name=WBGene00000055;class=Gene) levels, we examined AChR/[ACR-16](http://www.wormbase.org/db/get?name=WBGene00000055;class=Gene) levels in *β-catenin/[hmp-2](http://www.wormbase.org/db/get?name=WBGene00001979;class=Gene)* mutants in the presence of aldicarb, and found that there was a significant decrease in AChR/[ACR-16](http://www.wormbase.org/db/get?name=WBGene00000055;class=Gene) in *β-catenin/[hmp-2](http://www.wormbase.org/db/get?name=WBGene00001979;class=Gene)* mutants ([Figure 6C](#fig6){ref-type="fig"}, panel 3). We next checked the levels of ACR-16::GFP in *[hmp-2](http://www.wormbase.org/db/get?name=WBGene00001979;class=Gene)*;*[rig-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene)* double mutant animals that were treated with aldicarb, and found that the *[hmp-2](http://www.wormbase.org/db/get?name=WBGene00001979;class=Gene)* mutation completely suppressed the increased AChR/[ACR-16](http://www.wormbase.org/db/get?name=WBGene00000055;class=Gene) levels seen in the *[rig-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene)* mutants ([Figure 6C](#fig6){ref-type="fig"}). Taken together, these results indicated that β-Catenin/[HMP-2](http://www.wormbase.org/db/get?name=WBGene00001979;class=Gene) functions downstream of [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) to maintain AChR/[ACR-16](http://www.wormbase.org/db/get?name=WBGene00000055;class=Gene) levels at the *C. elegans* NMJ.

![RIG-3 functions through the β-catenin/HMP-2 at the *C. elegans* NMJ. (A) The resistance to aldicarb phenotype seen in *β−catenin/hmp-2* mutants is rescued by expressing β−Catenin/HMP-2 in the body-wall muscle: This panel shows a graph of aldicarb induced paralysis shown for WT, *rig-3* controls, *β−catenin/hmp-2* mutants, and rescue of β−catenin/hmp-2 by expressing HMP-2 in the body-wall muscles of *C. elegans* using the *myo-3* promoter. The HMP-2 rescue was done using two independent array lines, and data from both these lines are represented in this panel as separate bars. (B) Both RIG-3 and CAM-1 function through the β-catenin/HMP-2 at the NMJ: this panel shows a graph of aldicarb induced paralysis shown for *β−catenin/hmp-2*; *rig-3* and *β−catenin/hmp-2*; *cam-1* double mutants with controls. (C) The *β−catenin/hmp-2* mutant shows decreased AChR/ACR-16 levels: this panel shows decreased AChR/ACR-16 in *β−catenin/hmp-2* mutants along the VNC after treatment of the animals with aldicarb. WT and *rig-3* mutants treated with aldicarb are shown as controls. Error bars indicate SEM in all panels.](1521fig6){#fig6}

Discussion {#s17}
==========

The Ig superfamily protein, [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene), upon deletion, has been shown previously to display increased AChR/[ACR-16](http://www.wormbase.org/db/get?name=WBGene00000055;class=Gene) levels at the NMJ when treated with an acetyl cholinesterase inhibitor ([@bib2]). We have elucidated the molecular mechanism of the [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) regulated signaling at the NMJ in the presence of the acetylcholine inhibitor, aldicarb. Previous work has shown that aldicarb does not effect AChR/[ACR-16](http://www.wormbase.org/db/get?name=WBGene00000055;class=Gene) levels or mEPSC amplitude at the NMJ, and that *[rig-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene)* mutants behave in a similar manner to wild-type *C. elegans* in the absence of aldicarb ([@bib2]); hence, most of the experiments in this study have been performed in the presence of increased activity brought about by aldicarb, illustrated in Figure S6 in [File S1](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.195297/-/DC1/FileS1.pdf).

Our results allow us to make two important conclusions. First, the presynaptic protein [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) signals through the ROR RTK, [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) by directly interacting with [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) postsynaptically to maintain normal synaptic function at the NMJ (schematized in Figure S6D in [File S1](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.195297/-/DC1/FileS1.pdf)). Second, our results strongly support the idea that [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) inhibits [LIN-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene) signaling. Hypomorphic mutants of *Wnt/[lin-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene)* and *[rig-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene)* mutations have opposite effects on aldicarb sensitivity and [ACR-16](http://www.wormbase.org/db/get?name=WBGene00000055;class=Gene) synaptic abundance. These data indicate that [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) could prevent increased AChR/[ACR-16](http://www.wormbase.org/db/get?name=WBGene00000055;class=Gene) levels at the NMJ by inhibiting Wnt/[LIN-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene) signaling in the presence of increased activity. In the absence of *[rig-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene)*, and presence of higher activity, increased Wnt/[LIN-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene) signaling causing enhanced AChR/[ACR-16](http://www.wormbase.org/db/get?name=WBGene00000055;class=Gene) at the NMJ (schematized in Figure S6 in [File S1](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.195297/-/DC1/FileS1.pdf)). Taken together, these results imply that [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) acts as an inhibitor of Wnt/[LIN-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene) signaling through [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene). Below, we elaborate on the implications of these findings, and also discuss the role of Wnt signaling at the synapse.

Regulation of Wnt signaling through the ECD of the nonconventional Wnt receptor, CAM-1 {#s18}
--------------------------------------------------------------------------------------

Studies have shown that the nonconventional Wnt receptor, [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene), binds secreted Wnt ligands, and functions as a Wnt receptor, or as a Wnt antagonist, by inhibiting signaling through other Wnt receptors ([@bib22], [@bib23]; [@bib11]). In a fairly recent study, Inestrosa and colleagues have shown that Wnt-5a, a Wnt that functions through the noncanonical Wnt signaling pathway is required to upregulate postsynaptic currents in rat hippocampal slices, and increase postsynaptic activity in cultured hippocampal neurons ([@bib9]; [@bib18]; [@bib72]). Furthermore, Wnt-5a is thought to function through the RTK Ror2 for its function in the noncanonical Wnt pathway ([@bib54]). Rors are thought to mediate aspects of nervous system development, and function through Wnts ([@bib58]). Here, we show that a similar mechanism occurs in *C. elegans*, where a Wnt, [LIN-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene), functions to maintain normal synaptic and neuronal function through [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene).

A previous study has shown that [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) affects the postsynaptic AChR/[ACR-16](http://www.wormbase.org/db/get?name=WBGene00000055;class=Gene) receptors in the presence of increased activity at the NMJ. Furthermore, [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) has been shown to genetically function through [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) at the NMJ ([@bib2]). In order to gain further insight into the interaction between [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) and [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene), we utilized genetic and *in vivo* protein--protein interaction studies to show that the Ig domain of [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) is important for its interaction with [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene), and for the regulation of postsynaptic AChR/[ACR-16](http://www.wormbase.org/db/get?name=WBGene00000055;class=Gene) levels. BiFC studies further implicated the role of Ig domain since the *in vivo* interaction between [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) and [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) was abolished upon deletion of the [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) Ig domain. Previous studies have clearly shown that the ECD is important for AChR/[ACR-16](http://www.wormbase.org/db/get?name=WBGene00000055;class=Gene) localization and ACh/[ACR-16](http://www.wormbase.org/db/get?name=WBGene00000055;class=Gene) mediated behavior, and that the ECD is required for interaction with the Frizzled receptor, [LIN-17](http://www.wormbase.org/db/get?name=WBGene00003006;class=Gene), at the NMJ ([@bib35]). Furthermore, it has been shown, both in *C. elegans* and in mammals, that the RTKs [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) and Ror2 interact with Wnts through the extracellular CRD domains ([@bib73]; [@bib54]; [@bib20]; [@bib47]). The Kringle domain is also rich in cysteine residues; however, it has not been reported previously to interact with Ig domains. The results from our studies indicate the importance of [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) Ig domain in [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) binding. These results also show that, in addition to the Extracellular domain, and specifically the CRD domain required for Wnt and Frizzled binding, the extracellular Ig domain is required for binding to the presynaptic protein, [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene). Since the CRD domain and the Ig domain of [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) are adjacent to each other on [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene), it is possible that [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) binds to [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) and prevents binding of Wnt/Lin-44 to [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) during aldicarb mediated stress (schematized in Figure S6 in [File S1](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.195297/-/DC1/FileS1.pdf)). Therefore, our studies have brought to light another important binding partner of the nonconventional Wnt receptor, [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) through the extracellular Ig domain.

RIG-3 functions through CAM-1, Wnt/LIN-44 and β-catenin/HMP-2 at the NMJ {#s19}
------------------------------------------------------------------------

Components of the Wnt signaling pathway have multiple roles in the development of the nervous system, and are involved in neuronal migration, polarity, and axon outgrowth ([@bib37]; [@bib74]; [@bib61]; [@bib5]; [@bib1]; [@bib4]). Further, Wnts have fairly conserved roles in the synaptic development of *Drosophila*, *C. elegans*, and vertebrates ([@bib41]). Although we have some knowledge about the role of Wnt signaling during nervous system development, it is only recently that the role for Wnt signaling in synaptic plasticity has begun to emerge ([@bib69]; [@bib42]; [@bib8]; [@bib16]; [@bib55],[@bib56]; [@bib70]). In this study, we have identified a Wnt signaling pathway, through which the Immunoglobulin Superfamily protein, [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene), functions.

Wnt/[LIN-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene) has been shown to participate in multiple developmental functions, like axon guidance of motor neurons, dendrite development, neuronal polarity of mechanosensory neurons, and synapse development ([@bib28]; [@bib31]; [@bib46]; [@bib39]). Here, we show that mutants of Wnt/[LIN-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene) show defects in AChR/[ACR-16](http://www.wormbase.org/db/get?name=WBGene00000055;class=Gene) levels, and a corresponding decrease in muscle activity at the NMJ in the presence of the acetylcholine esterase inhibitor, aldicarb. To date, the Wnt/[LIN-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene) has been shown to express only in the *C. elegans* tail, and recent work has shown that it could form an anterior--posterior gradient through expression in the tail ([@bib28]; [@bib49]). It is conceivable that the motor neurons that are more posterior experience more Wnt/[LIN-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene) signaling and show a stronger phenotype. Another possibility is that Wnt/[LIN-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene) is expressed at very low, nondetectable, levels in motor neurons, and that secretion from these neurons affects AChR/[ACR-16](http://www.wormbase.org/db/get?name=WBGene00000055;class=Gene) levels through the muscle [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene).

This and other studies ([@bib2]; [@bib35]) implicate the Wnt signaling pathway in maintaining normal AChR/[ACR-16](http://www.wormbase.org/db/get?name=WBGene00000055;class=Gene) levels, and show the importance of studying Wnt signaling at the synapses. An interesting outcome of this study is the fact that Wnt/[LIN-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene) is being implicated in synaptic signaling function for the first time.

[@bib35] have shown that another Wnt ligand, [CWN-2](http://www.wormbase.org/db/get?name=WBGene00000858;class=Gene), functions through the heteromeric receptor complex of [LIN-17](http://www.wormbase.org/db/get?name=WBGene00003006;class=Gene)/[CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) and the downstream Wnt effector protein Dishevelled/[DSH-1](http://www.wormbase.org/db/get?name=WBGene00001101;class=Gene) to maintain normal AChR/[ACR-16](http://www.wormbase.org/db/get?name=WBGene00000055;class=Gene)-mediated currents at the NMJ. In contrast to their work, we have shown that Wnt/[LIN-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene) functions downstream of [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) at the *C. elegans* NMJ in a [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) dependent manner, and leads to an apparent decrease in the levels of AChR/[ACR-16](http://www.wormbase.org/db/get?name=WBGene00000055;class=Gene), which results in decreased activity levels at the NMJ. Further, [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) does not appear to be affecting the secretion of Wnt/[LIN-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene). These data allow us to postulate that [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) could be interrupting the interaction between [LIN-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene) and [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene), and affecting the synaptic signaling through [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) (schematized in Figure S6 in [File S1](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.195297/-/DC1/FileS1.pdf)).

One question that our work raises is why [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) does not function through Wnt/[CWN-2](http://www.wormbase.org/db/get?name=WBGene00000858;class=Gene), Frizzled/[LIN-17](http://www.wormbase.org/db/get?name=WBGene00003006;class=Gene), and Dishevelled/[DSH-1](http://www.wormbase.org/db/get?name=WBGene00001101;class=Gene). One possible reason could be the fact that [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) affects AChR/[ACR-16](http://www.wormbase.org/db/get?name=WBGene00000055;class=Gene) levels only in the presence of increased activity brought about by the acetylcholine esterase inhibitor, aldicarb. To follow up on these initial findings, our experiments were done in the presence of aldicarb, while [@bib34] performed their studies in wild-type conditions. Thus, in the wild-type scenario Wnt/[CWN-2](http://www.wormbase.org/db/get?name=WBGene00000858;class=Gene) functions through Frizzled/[LIN-17](http://www.wormbase.org/db/get?name=WBGene00003006;class=Gene) and [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) followed by Dishevelled/[DSH-1](http://www.wormbase.org/db/get?name=WBGene00001101;class=Gene) to maintain normal AChR/[ACR-16](http://www.wormbase.org/db/get?name=WBGene00000055;class=Gene) levels and normal activity at the NMJ. The loss of any one of these components gives rise to decreased AChR/[ACR-16](http://www.wormbase.org/db/get?name=WBGene00000055;class=Gene) at the NMJ ([@bib21]; [@bib35]); this process is likely to be independent of [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene). However, in the presence of increased activity brought about by aldicarb, [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) functions through [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene), Wnt/[LIN-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene), and the β-catenin/[HMP-2](http://www.wormbase.org/db/get?name=WBGene00001979;class=Gene) to maintain normal AChR/[ACR-16](http://www.wormbase.org/db/get?name=WBGene00000055;class=Gene) levels at the NMJ. This signaling pathway gives rise to increased AChR/[ACR-16](http://www.wormbase.org/db/get?name=WBGene00000055;class=Gene) in the absence of *[rig-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene)*, and the presence of aldicarb (schematized in S6). It is likely that the [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene)-mediated pathway does not come into effect in the absence of increased activity (absence of aldicarb). Although our work shows the existence of a different Wnt signaling pathway that functions through [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene), it also shows that [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) is an important component of the pathway required to maintain AChR/[ACR-16](http://www.wormbase.org/db/get?name=WBGene00000055;class=Gene) levels at the NMJ, as has been shown previously ([@bib21]; [@bib35]).

It is interesting to find that Wnt/[LIN-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene) may also utilize [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) as a receptor in addition to the traditional Frizzled receptor, [LIN-17](http://www.wormbase.org/db/get?name=WBGene00003006;class=Gene). Wnt/[LIN-44](http://www.wormbase.org/db/get?name=WBGene00003029;class=Gene) is known to signal through Frizzled/[LIN-17](http://www.wormbase.org/db/get?name=WBGene00003006;class=Gene) during physiological processes such as asymmetric cell division ([@bib63]), PLM neuronal polarity ([@bib31]), dendrite development ([@bib39]), and regulation of NMJ formation ([@bib40]). Hence, understanding how Wnts selects one kind of receptor over another under various physiological conditions and growth stages could open interesting new avenues for Wnt signaling.

Other important molecules that contribute to Wnt mediated signaling are β-catenins. Unlike in vertebrates or *Drosophila*, the *C. elegans* genome encodes fewer Wnts and multiple β-catenin genes ([@bib17]), which appear to have distinct functions in Wnt signaling and cell adhesion. As compared to other identified β-catenins, the β-catenin/[HMP-2](http://www.wormbase.org/db/get?name=WBGene00001979;class=Gene) shares maximum homology to human β-catenins ([@bib33]). In this study, we have identified β-catenin/[HMP-2](http://www.wormbase.org/db/get?name=WBGene00001979;class=Gene) as a component functioning downstream of the nonconventional Wnt receptor, [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene). Further, we could rescue the resistance to aldicarb phenotype of the *β-catenin/[hmp-2](http://www.wormbase.org/db/get?name=WBGene00001979;class=Gene)* mutant by expressing β-Catenin/[HMP-2](http://www.wormbase.org/db/get?name=WBGene00001979;class=Gene) in the body-wall muscle of *C. elegans*. Double mutants of *β-catenin/[hmp-2](http://www.wormbase.org/db/get?name=WBGene00001979;class=Gene)* with *[rig-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene)* and *[cam-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene)*, respectively, demonstrated that the β-catenin/[HMP-2](http://www.wormbase.org/db/get?name=WBGene00001979;class=Gene) was functioning downstream of [RIG-3](http://www.wormbase.org/db/get?name=WBGene00004370;class=Gene) and [CAM-1](http://www.wormbase.org/db/get?name=WBGene00000289;class=Gene) to maintain normal AChR/[ACR-16](http://www.wormbase.org/db/get?name=WBGene00000055;class=Gene) levels at the *C. elegans* NMJ.

The next question that this study raises is what is the downstream target of the β-Catenin/[HMP-2](http://www.wormbase.org/db/get?name=WBGene00001979;class=Gene) that allows for changes in AChR/[ACR-16](http://www.wormbase.org/db/get?name=WBGene00000055;class=Gene) transcription. Previous yeast two-hybrid and immunoprecipitation studies have shown that β-Catenin/[HMP-2](http://www.wormbase.org/db/get?name=WBGene00001979;class=Gene) does not interact with the [POP-1](http://www.wormbase.org/db/get?name=WBGene00004077;class=Gene) (TCF/LEF) transcription factor that alters the transcription of target genes in the Wnt signaling pathway ([@bib43]). However, recent studies indicate that β-Catenin/[HMP-2](http://www.wormbase.org/db/get?name=WBGene00001979;class=Gene) could interact with [POP-1](http://www.wormbase.org/db/get?name=WBGene00004077;class=Gene) and is involved in the localization and activity of the [POP-1](http://www.wormbase.org/db/get?name=WBGene00004077;class=Gene) transcription factor ([@bib52]; [@bib59]; [@bib71]). Hence, one speculation could be that [POP-1](http://www.wormbase.org/db/get?name=WBGene00004077;class=Gene) could be the final target that results in the regulation of AChR/[ACR-16](http://www.wormbase.org/db/get?name=WBGene00000055;class=Gene) receptor levels at the NMJ. However, a recent study by [@bib35] found that [POP-1](http://www.wormbase.org/db/get?name=WBGene00004077;class=Gene) RNAi does not affect the AChR/ACR-16::GFP levels, making us rethink the fact that [POP-1](http://www.wormbase.org/db/get?name=WBGene00004077;class=Gene) could be the final effector of AChR/[ACR-16](http://www.wormbase.org/db/get?name=WBGene00000055;class=Gene). In future, studies could be oriented toward the understanding of transcription factors functioning downstream of β-Catenin/[HMP-2](http://www.wormbase.org/db/get?name=WBGene00001979;class=Gene). Such studies are required to better understand the regulatory mechanism existing at the NMJ normally, or when exposed to stress such as aldicarb.
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